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ABSTRACT 
We numerically investigated the surface plasmon resonances (SPRs) in a periodic array of solid-silver/silver-shell nanorod 
pair structures for sensing applications by employing a finite-element method. The proposed periodic array of silver-shell 
nanorod pair structure is composed of a pair of metallic nanorod with a dielectric hole (DH) that interact with a transverse 
magnetic mode incident plane wave, which includes the investigation of particle–particle interaction. We demonstrate that 
near-field coupling of the periodic array of solid-silver/silver-shell ranorod pair structures result in a periodic lattice of SPR 
modes with enhanced field intensities and transmittance dips. The influences of different illumination wavelengths, 
periods, transmittance spectra, energy flows and electric stream lines, DHs, electric field component distributions and total 
field intensities, charge density distribution, and the model of the induced local field of the periodic array of solid-
silver/silver-shell nanorod pair on “bonding”” modes are discussed in our simulations. The proposed structure exhibits a 
redshifted localized SPR that can be modified over an extended wavelength range of peak resonances and transmittance 
dips by varying the relative permittivities in DHs and the period of the periodic nanostructure. Simulation results show that 
the SPR modes are very sensitive to the relative permittivities change in the surrounding materials,  which could be used 
as highly sensitive sensors. 
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Introduction 
Noble metal nanoparticles  (MNPs) (e.g. Au or Ag) that possess a negative real and small positive imaginary dielectric 
constant are capable of supporting a surface plasmon resonance (SPR) [1-10]. The enhancement in the optical properties 
of noble MNPs due to the fact that a coherent resonance oscillation of their free electrons in the presence of light, also 
known as localized surface plasmon resonance (LSPR). LSPR spectroscopy of MNPs is a powerful technique for chemical 
and biological sensing experiments and biosensing devices. Moreover, the LSPR is responsible for the electromagnetic-
field enhancement that leads to surface-enhanced Raman scattering (SERS) and other surface-enhanced spectroscopic 
processes.  The extraordinary transmission of light through nanostructured arrays of subwavelength holes [1] in thin metal 
films and its relation to SPR [2] has recently inspired researchers to use these devices for label-free biosensing [3].  
The diffraction properties of the periodic MNPs allow for light momentum enhancement, thus allowing excitation of SPRs. 
Such excitation of surface plasmon (SP) waves increases the amount of light scattered inside the dielectric holes (DHs) 
[11], giving rise to precise peaks in the transmission spectrum at the SPR wavelength. Since the conditions of SPR 
excitation are extremely sensitive to the refractive medium filled inside the DHs and the surrounding medium, the shift of 
the peak SPR wavelength is used for real-time detection and studies of biological binding events [6-10]. 
The capacity to integrate MNPs into biosensing systems has had greatest impact in biology and biomedicine. Metal 
nanorods are highly suited for SPR sensing [12]. This configuration preserves the collinear geometry that is favored for 
integration into a suitable SPR device and biosensor. The solid nanorod longitudinal LSPR has considerably higher 
sensitivity [13] while the metal nanoshell also offers enhanced sensitivity [12]. With decreasing shell thickness (relative to 
DH size), there is near exponential increase in the plasmon sensitivity [14-16]. Based on this account, we investigate the 
plasmonic properties of a periodic array of silver (Ag) nanostructures and present the simulation examples of how they are 
being utilized for biosensing applications. We accentuate in particular how the unique tunability of the SPR properties of 
MNPs through varying their shape and composition while the MNP size is kept constant. We discuss two interesting 
nanostructure geometries, including a period array of solid-silver /silver-shell nanorod pairs, that exhibit dramatically 
enhanced and tunable SPRs, making them highly suitable for biosensing applications. Tuning the MNP shape (e.g., 
nanorods, or nanoshells) is another means of enhancing the sensitivity of the LSPR to the MNP surrounding and, thereby, 
designing effective biosensing instrument. Periodic MNP pairs or assemblages display dielectric-dependent SPRs as a 
result of field coupling. All-inclusive scaling model, relating the SPR frequency to the varying DHs in terms of the varying 
the MNP size, becomes potentially useful for measuring nanoscale media (and their variations) in biosensing systems.  
In the present paper, we numerically investigate the near field intensities and transmittance properties in a periodic array 
of solid-silver/silver-shell nanorod pair configuration by employing a finite element method (FEM). We demonstrate that 
near-field coupling of the periodic array of solid-silver/silver-shell ranorod pair structures result in a periodic lattice of SPR 
modes with enhanced field intensities and transmittance dips. The influences of different illumination wavelengths, periods, 
transmittance spectra, energy flows and stream lines, DHs, electric field component distributions and total field intensities, 
charge density distribution, and the model of the induced local field of the periodic array of solid-silver/silver-shell nanorod 
pair on “bonding”” modes are discussed in our simulations. We show that the sensitivities of the periodic array of solid-
silver/silver-shell nanorod pair exhibits a linear relationship with DH for the bonding modes in the transmittance spectra. 
These results suggest alternative schemes to design and improve the sensitivity of plasmon sensor arrays, SERS 
substrates, plasmonic solar cells, and other nanophotonic devices based on the periodic array of solid-silver/silver-shell 
nanorod pair structures. 
Simulation Method and Model 
The problem of electromagnetic analysis on a macroscopic level is the problem of solving Maxwell‟s equations subject to 
certain boundary conditions. The SP‟s propagation constant can be retrieved by solving Maxwell‟s equation at the 
interface of a MNP and a dielectric medium, which yields bonded modes for a transverse magnetic (TM) polarization. 
The governing equation can be written in the form 
▽×(μr
-1▽×E)-k0
2
εrc E=0                                                                                                                          (1) 
Where εrc  is the complex relative permittivity, E is the electric field intensity, k0 is the wave vector in free space andμr is 
the complex relative permiability. 
For the time-harmonic and eigenfrequency problems. The wave number of free space k0 is defined as 
k0=ω(ε0μ0)
1/2
=ω/c0                                                                                                                                                                                             (2) 
where c0 is the speed of light in vacuum and ω is the angular frequency. When solving the equations as an 
eigenfrequency problem the eigenvalue is the complex eigenfrequency λ=-jω+δ, whereδis the damping of the solution. 
Using the relation εr = n
2
, where n is the refractive index, the equation (1) can alternatively be written  
▽×(▽×E)-k0
2
n
2
 E=0                                                                                                                               (3) 
When the equation is written using the refractive index, the assumption is thatμr=1 and ζ=0 and only the constitutive 
relations for linear materials are available. When solving for the scattered field the same equations are used but E=Esc+Ei 
and Esc is the dependent variable. In optics and photonics applications, the refractive index is often used instead of the 
permittivity (ε). In materials whereμr is 1, the relation between the complex refractive index, n'=n-jκ, and the complex 
relative permittivity is εrc=n
'2
,  that isε'r=n
2
-κ
2
 , ε''r=2nκ. The inverse relations are  
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2
)
1/2
]                                                                                (4) 
The parameter κ  represents a damping of the electromagnetic wave. 
In the approximation that the DHs do not change the dispersion relation of the plasmon, and that there is no strong 
coupling between the two interfaces of the metallic shell or film, the wavelength that satisfies the condition of SPR 
excitation of these bonded modes for a diffraction MNP array at normal incident light. We simulate the near-field response 
and transmittance spectrum of a periodic array of solid-silver/silver-shell nanorod pair structures that interact with a TM 
incident plane wave by using a FEM, which includes the investigation of MNP–MNP interaction. The enclosure of a pair of 
silver-shell nanorod with a DH forms an open cavity model, and the electromagnetic field is effectively confined within the 
gap of the MNP pair to generate high local field enhancement.  
The dispersion properties of the MNP must be considered here since the absorption and permittivity of the metallic 
material are frequency dependent. The Drude-Lorentz dispersion model is used to describe the dependence of the 
metallic permittivity on the frequency [17], which can be written as  
ε0=ε∞+Σj=1
M
(fjωP
2
)/( ω0j
2
-ω
2
+iΓjω)                                                                                                           (5) 
where ε∞ is the high-frequency contribution to the relative permittivity, ωP is the plasma frequency, fj is the oscillator 
strength, ω0j is the resonance frequency, and Γj is the damping coefficient. 
A FEM that we applied to MNPs was comprehensively described in Refs [18]. We have used the silver permittivity data 
obtained from Johnson and Christy [19] and corrected with the Drude model, which includes the size effect [20]. In our 
formulation we used hexahedral high order edge elements. To model an infinite simulation region with a finite-geometry 
model (i.e., to enclose the computational domain without affecting the numerical solution), it is necessary to use 
anisotropic perfectly matched layers (PMLs) that are placed before the outer boundary. This formulation can be used to 
deal with anisotropic material in terms of both dielectric permittivity and magnetic permeability, allowing anisotropic PMLs 
to be implemented directly. 
 
Fig 1: Schematic plot of simulation models. (a) a period array of grating with solid-silver/silver-shell nanorod pair 
embedded in the air (n=1). (b) a unit cell of  solid-silver case, and (c) a unit cell of silver-shell case. All structural 
parameters are depicted in the inset of this figure. 
Figure 1 shows the considered grating, with a period array of solid-silver/silver-shell nanorod pair embedded in the air 
(n=1). The grating period, or the distance between the nanorods, is ᴧ. According to our previous work [11], the structural 
parameters are set as: diameter of each nanorod D=50 nm, shell thickness d=10 nm and the nanorod pair separated by a 
gap g=20 nm. The DH can be filled with different relative permittivities (i.e., ε=1, 3, 5, 8 and 10) of media inside the silver-
shell nanorods. The amplitude of the incident light is set to be 1 V/m throughout this paper. The near-field intensity 
measured the middle point in the gap region. 
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Fig 2: Near field intensities (left side) and transmittance (right side) vs. wavelengths as the period expands from 
(a) 500 nm, (b) 800 nm to (c) 1200 nm. 
Optimization, Results and discussion  
Periodic MNPs are often more interesting than single structure because of the strong coupling effects. One way of tuning 
the LSPR is by changing the MNP shape from spherical to rod-shaped. Rod-shaped MNPs have two resonances: one 
owing to SP oscillation along the nanorod short axis and another due to SP oscillation along the long axis [4,5,12]. The 
second method of LSPR tuning is by using a metal nanoshell [21]. Starting from a solid spherical MNP, as one decrease 
shell thickness, the LSPR red-shifts from the visible to the NIR [8,21] due to increased coupling between the inner and 
outer shell SPs [12,22,23]. The period ᴧ denotes the density of the periodic silver-shell nanorod arrays in the fabrication 
process. The period (ᴧ) of nanorod pair represents an essential feature like the other MNPs. Figures 2(a)-2(c) show the 
near field intensities (left side) and transmittance (right side) vs. wavelengths as the period expands from 500 nm to 1200 
nm. For the near-field intensities as shown in the left side of Figs. 2(a)-2(c), one can see that the near field intensities can 
be enhanced as the decreasing period (ᴧ) and the red-shift can be achieved as the relative permitivity filled inside the DHs 
is increased.  
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The right side of Figs. 2(a)-(c) shows the transmittance spectra of solid-silver nanorod (solid case, black line) and silver-
shell nanorod  (DH cases) with five different relative permittivities (i.e.,  = 1, 3, 5, 8 and 10) filled inside the DHs. The 
transmittance dips for smaller periods (e.g., ᴧ=500 nm) are much deeper than that of larger ones (e.g., ᴧ=1200 nm), and 
red-shift toward higher wavelengths. It is evident that the transmittance dip and the red-shifted can be easily tuned by 
varying the filling relative permittivity filled inside the DHs and the length of the nanorod pair array period (ᴧ). 
The same trend of transmittance resonance dip wavelength (TRDW) can be also found in the right side of Figs. 2(a)-2(c). 
In the right side of Figs. 2(a)-2(c), the appearance of TRDW is due to the SP excitation [24, 25]. The following equation is 
the excitation condition,  
k0[(εnεAg/εn)+εAg]=2πN/Λ                                                                                                                          (6)  
where N is an integer, k0 is the vacuum wave vector, Λ is the period, and εAg and εn are the dielectric constant of silver and 
adjacent dielectric, respectively. According to Eq. (6), the SPR is mainly governed by the period (Λ). However, the TRDW 
of silver-shell nanorod case is caused by F-P like resonance due to the gap between the nanorod pair and hollow region in 
DH. It has been proved that when incident light impinges on the surface of the nanorod pair, localized SPRs are excited 
and pass through the gap and hollow regions (DHs), and the F-P like resonance in the gap and hollow regions leads to the 
electric field enhancement and transmittance dips [26,27]. 
 
Fig 3: Corresponding SPR modes of near-field distributions of no DH (i.e., solid case, see the first row) and DH 
cases (see the 2nd-3th rows) with shell thickness d = 10 nm  and period ᴧ = 500 nm and different relative 
permittivities filled inside the DHs. 
For these media filled inside the DHs, we show how the periodic array of solid-silver/silver-shell nanorod structures 
resonances are varied with the DH medium and period while the overall particle size and aspect ratio of the MNP are held 
constant. As the DH relative permittivity decreased (e.g., = 1 and 3), the hybridization between the DHs and spheroid 
modes becomes progressively stronger, resulting in larger energy gaps between the bonding and anti-bonding plasmon 
modes [24,25]. The „„bonding‟‟ SP modes of the proposed silver-shell nanorod structures occurred at the transmittance 
dips (see the right sides of Figs. 2(a)-2(c)) are more sensitive to the relative permittivity filled inside the DH than the solid-
silver case. The silver-shell nanorod SP modes have a significantly increased the geometrically and materially sensitive 
hybrid SPRs by varying the relative permittivity filled inside the DH and can be tuned across a broader spectral range than 
the modes of solid-silver case. Near-field intensity and transmittance spectra can be tuned by varying relative permittivity 
filled inside the DH of the silver-shell nanorod arrays. Such environmental sensitivity of the plasmons of silver-shell 
nanorod holds great potential for monitoring local environmental changes during chemical, biological processes, 
switchable plasmonic devices, and plasmonic solar cell. For example, it is possible to tune and shift the optical responses 
of the silver-shell nanorods system by filling „„phase change materials‟‟ (dielectric constant can be switchable through 
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modulation of the input energy for phase transition between amorphous and crystalline phase states [28-30] ) inside the 
silver-shell nanorods.  
  
 
Fig 4: Corresponding SPR modes of charge distributions of solid case (see the first row) and DH cases (see the 
2nd-3th rows) with shell thickness d = 10 nm  and period ᴧ = 500 nm and different relative permittivities filled 
inside the DHs. 
In order to realize the detailed behaviors of the field distribution inside the system consisting of a periodic array of solid-
silver/silver-shell nanorod structures with different DHs, the electric field component distributions and total field intensity 
will be discussed here. To find the contribution of SPRs, we plot the selected polarization components of the electric field 
distribution, i.e., the TM mode near-field distributions of two components Ex and Ey, and total field intensity distribution 
Etotal.  
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Fig 5: Schematic plot of corresponding SPR modes, energy flows and electric field stream lines. (a) for solid case, 
=1, and =3, and (b) for =5, 8 and 10, respectively. 
Figure 3 illustrates the near-field distributions of solid case (see the first row) and DH cases (see the 2
nd
-3
rd
 rows)  with 
different relative permittivities (i.e.,  = 1 and 5, respectively) filled inside the DHs. The other parameters, shell thickness d 
and period (ᴧ), are set to be d= 10 nm and ᴧ = 500 nm, respectively. From the results revealed in Fig. 3, we find that SPs 
can be excited surrounding the surfaces and rims of the solid-silver/silver-shell nanorod pair structure. The x-component of 
the electric field Ex shows eight distinct petals of distribution around the solid-silver/silver-shell nanorod showing no field 
distributions inside the DHs. The y-component of the electric field Ey is distributed symmetrically along the side surface of 
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the solid-silver/silver-shell nanorod showing four petals of distribution. As can be seen in the left side of Fig. 3, the total 
field intensities Etotal at their corresponding SPR wavelengths (i.e., λ=610 nm and λ=780 nm) show a hybridized plasmon 
mode on the inner and the outer silver-shell surfaces, namely, the hybridization of the void plasmon and the associated 
liner SP. The strongest field intensity (peak value) is found in the gap of the solid-silver/silver-shell nanorod pair. Note that 
the localized electric field enhancement at the circumference of the solid-silver/silver-shell nanorod extends in the tens of 
nanometers range from their surface.  
Regarding the direction of electric field distributions as shown in Figs. 3, the schematic charge densities of the selected 
cases in Fig. 3 are also depicted in Fig. 4, respectively. It can be seen that the charge density on the outer surfaces of the 
solid cases (see the first row of Fig. 4) is arranged in the form of one layer distribution. Turning to the DH cases (see the 
2
nd
 and 3
rd
 rows of Fig. 4), the charge densities on the inner and outer surfaces of silver-shell are arranged in the form of 
two layers distribution and exhibit stronger dipole-like interactions than that of solid case, leading to a bonding mode 
resonance.  
In order to realize the mechanism on above-mentioned phenomena, the selected near field distributions for the cases of 
solid-silver/silver-shell nanorod pair structure with different periods (i.e., ᴧ=500, 800, 1000 and 1200 nm), and the varying 
DHs (i.e., =1, 3, 5, 8 and 10) and their corresponding SPR modes, energy flows and electric field stream lines are also 
depicted in Figs. 5(a) and 5(b), respectively. Because of coupling effects between a pair of silver-shell nanorod, we find 
that the electric field is enhanced and forms a hot spot in the gap, and the electric field is suppressed elsewhere, which 
shows quite different pattern from the results obtained from a single silver nanorod arrays (results not shown here).  
Due to the intensive localization of electromagnetic energy inside the proposed structures, the SPR wavelengths of the 
electric field SP modes were very sensitive to the relative permittivities changed in the surrounding materials. Thus, the 
periodic array of the solid-silver/silver-shell nanorod pair structures could be used as highly sensitive sensors. As 
discussed in Fig. 2, an intriguing feature of the SP oscillation is that its SPR wavelength depends on the dielectric media 
filled inside the hollow region [10,12-14]. With increase in refractive permittivitiy, the LSPR red-shifts. When this shift is 
followed using scattering spectroscopy (for MNPs deposited on a substrate) or absorption spectroscopy (for colloidal 
MNPs), changes in the MNP surroundings can be sensed [12]. 
Conclusion  
In conclusion, we numerically investigated the sensing properties of the electric SPR modes of the periodic array of the 
solid-silver/silver-shell nanorod  pair structures which are composed of a metallic nanorod pairs and DHs by using of the 
finite-element method. We show how the periodic array of solid-silver/silver-shell nanorod pair structures resonances are 
varied with the DH medium and period of nanostructure while the overall particle size and aspect ratio of the MNP are held 
constant. The near-field distribution is strongly confined within the proposed structures at the SPR modes, leading to 
greater field-material interactions and increased sensitivity to the relative permittivity changes in DHs. The proposed 
periodic composited nanostructures retain the collinear geometry that is favored for integration into a suitable SPR device 
and are sufficient for single molecule detection and other applications in  biosensors.  
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